Other diketopiperazines isolated from the fungus possessed either less activity or none at all. In tests against 19 plant species, maculosin was phytotoxic only to spotted knapweed. Thus maculosin is a host-specific phytotoxin from a weed pathogen.
biological activities identical to those of the natural product. Other diketopiperazines isolated from the fungus possessed either less activity or none at all. In tests against 19 plant species, maculosin was phytotoxic only to spotted knapweed. Thus maculosin is a host-specific phytotoxin from a weed pathogen.
Fungi have long been recognized as causal agents of plant diseases associated with the elaboration of one or more phytotoxins. To date, phytotoxins with the unique property of expressing host specificity at the species or cultivar level are known only from pathogens of crop plants. This is probably due to the fact that agrosystems with a strictly homogeneous genetic base serve as a huge reservoir of essentially identical plant material. This homogeneity renders such species susceptible to widespread devastation by one or more pathogens. The 1970 southern corn leaf-blight epidemic in the United States and Canada, attributed to the pathogenic fungus Dreschlera maydis, is a case in point (1) . Thus, a pathogen has the potential to develop and spread quickly under such conditions and can easily be observed and isolated. Common weedy plants, however, usually exist in a population having a broad mixed genetic base that tends to preclude the development of such an epidemic, making detection of such a pathogen difficult.
The detection and study of weed pathogens is important not only for their intrinsic ability to serve as biocontrol agents but also for their propensity to produce bioactive substances. Such compounds could become valuable herbicides or provide important chemical leads to the herbicide industry (2) .
Spotted knapweed (Centaurea maculosa) now poses a significant threat as a weed species, having invaded rangelands of the northwestern United States and southwestern Canada. Since its introduction to the United States in the early 1900s, this hardy composite has invaded millions of acres, causing an estimated 70% decline in forage production in some areas (3) . Its rapid spread has been aided by a lack of natural predators in North America and by an ability to compete successfully with native grasses (4) .
One biorational approach to control of this tenacious weed would consist oflocating a host-specific or selective pathogen of spotted knapweed and employing either the pathogen or its phytotoxic metabolites as control agents. A 2-month search for black-leaf-blighted Centaurea maculosa culminated in the discovery of an infected plant in Silver Bow County, Montana, in July, 1984.
The causal organism was identified as Alternaria alternata, grown in liquid culture, and shown to produce a number of phytotoxins (5), among which was maculosin. Maculosin, to our knowledge, is the first example of a host-specific toxin to be isolated from a weed pathogen. This report describes its isolation, synthesis, and biological activity.
MATERIALS AND METHODS
Fungal Pathogenicity. Identification of the fungal pathogen required both isolation of pure cultures of fungi and determination of disease inductive ability of fungal isolates. Fungi were established as pure cultures by repeated single-spore transfers followed by morphological examination. Pathoge Fungal Culture. Alternaria alternata was maintained on Difco mycological agar plates containing an autoclaved knapweed effusion, 2% (wt/vol), to ensure toxin production. The fungus was cultured for toxin production in 1-liter still cultures of modified Czapek-Dox medium (Difco) also containing knapweed effusion, 2% (wt/vol). Crude extracts of the fungus grown without the effusion were less toxic than those grown with it; the autoclaved effusion itself exhibited no toxicity when applied directly to any of the test plants. Plants used in this study were grown under controlled environmental conditions of 12 hr of darkness and 12 hr of light (4.4 x 104 lx) at 25°C.
Leaf Assay. A simple leaf-puncture assay (6) was used as a guide in isolating potential phytotoxins. The test fraction was dissolved in 2% (vol/vol) ethanol and applied to the nicked surface of the host leaf in a 5-,ul droplet. The leaf was sealed in a Petri dish containing moistened filter paper and incubated for 72 hr. The symptoms that developed varied from no reaction to the formation of a weeping necrotic lesion that engulfed the entire leaf blade. Crude extracts were tested at 1000 ppm, column fractions were tested at 100 ppm, and pure compounds were tested at 10', 10', and 10-5M. All tests were conducted on 15-20 leaves per assay; leaves of both tTo whom reprint requests should be addressed.
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Hypocotyl Assay. An assay that involved nicking the hypocotyl of appropriate host seedlings and applying the test fraction in a 2% (vol/vol) ethanol solution in a manner similar to the leaf assay was also employed. Symptoms usually developed within 48 hr and ranged from no reaction to total necrosis of the plant material. In no circumstances were deleterious symptoms induced by application of 2% (vol/vol) ethanol solution in either the leaf or hypocotyl assays.
Mass Culture and Extraction. Alternaria alternata was grown in 5-liter batches of broth culture that were harvested after a 24-day incubation period at 25°C. Suction filtration was used to separate the mycelial mat from the liquid medium. The filtrate was sequentially, exhaustively extracted with four 500-ml portions of CH2Cl2, which were combined and evaporated (to yield 0.041 g). The filtrate was then extracted with four 500-ml aliquots of EtOAc, which were also combined and evaporated to give an oily residue (0.675 g). 1.9 ml/min. The centrifugal countercurrent (CCC) column volume was 285 ml; the solvent was CHCI/MeOH/H20, 25:34:20 (vol/vol); the flow rate was 4 ml/min; the lower phase was mobile. The Bio-Bead S-X8 column was 2.5 x 140 cm; the eluant was CH2CI2/cyclohexane, 3:2 (vol/vol); the flow rate was 1.5 ml/min. 80 (5H, m), 1.70 (1H, m), 1.50 (3H, m), 1.0 (3H, d, 6.2 The molecular formula of compound 1 was determined to be C14H16N203 by high-resolution mass spectrometry; phenolic and amide functional groups were indicated by infrared absorptions at 3590, 3380, and 1670 cm-', respectively. Detailed analyses of the mass spectral fragmentation and 1H NMR data resulted in the proposal of structure 1. The absolute stereochemistry was established by the synthesis of cyclo(-L-Pro-L-Tyr-) from the t-butoxycarbonyl (Boc) derivative of L-proline - (8) piperazines were quite consistent in repeated fermentations; maculosin was always the most abundant of the-dipeptides (Table 1) .
There are two reports of cyclo(-L-Pro-L-Tyr-3), compound 1 (11, 12) . Tamura et al. (11) demonstrated that this diketopiperazine, found in cultures of Beauveria bassiasa, could actually be extracted from the peptone used in their medium. We have examined our culture medium, autoclaved, not autoclaved, freshly prepared, and after standing several weeks, and could detect none of the reported diketopjpea, zines. Tatsuno et al. (12) reported compound 1 from cultures of Fusarium nivale. However, the 'H NMR data reported by Tatsuno et al. (12) are at considerable variance with ours, as are the optical rotations (-58.6°vs. -72°, this work). The authors did not mention comparing the 'H NMR data of their synthetic and natural materials. To our knowledge, then, this is the first report of compounds 3 and 4 from a natural source and an unequivocal identification of compound 1 from a microbe.
Biological Activity. Once the seven diketopiperazines-had been isolated and identified, they were examined for phytotoxicity. The compounds were first applied to knapweed leaves and hypocotyls by following the protocol outlined earlier In examining the diketopiperazines isolated and tested in this study, it is apparent that certain functional groups are necessary for activity. Maculosin, the most active compound, possesses a phenolic moiety, not uncommon in phytotoxins (13) . It should be noted that this fungus also yielded several other compounds phytotoxic to knapweed, including tenuazonic acid and certain perylenequinones (5), all of which possess fairly rigid skeletal conformations and reasonably acidic protons. The minor activity of compound 2, cyclo(-L-Pro-L-Phe-), compared to the inactivity of its diastereomer, suggests the importance of conformation to bioactivity. Studies on diketopiperazines containing proline indicated that L,L compounds assume an extended conformation, while the LD diastereomers would have a more folded conformation (10) . The actual mode of activity of maculosin remains to be determined.
At this point, maculosin had been established as a phytotoxin of spotted knapweed, but its selectivity or specificity needed to be established. A test designed to establish the host range of the toxin utilized the simple leaf assay with a wide variety of plants. Both monocots and dicots were included in the test range, among them several other composites. The assays were performed at 10', 10-, and 10-M. Maculosin consistently induced necrotic lesions on knapweed leaves, but in no case was lesion induction observed on any 8010 Botany: Stierle et al.
